Abstract: The present paper shows an innovative multirotor Unmanned Aerial Vehicle (UAV) which is able to easily and quickly change its configuration. In order to satisfy this feature, the principal structure is made of an universal plate, combined with a circular ring, to create a rail guide able to host the arms, in a variable number from 3 to 8, and the legs. The arms are adjustable and contain all the avionic and motor drivers to connect the main structure with each electric motor. The unique arm design, defined as all-in-one, allows classical single rotor configurations, double rotor configurations and amphibious configurations including inflatable elements positioned at the bottom of the arms. The proposed multi-rotor system is inexpensive because of the few universal pieces needed to compose the platform which allows the creation of a kit. This modular kit allows to have a modular drone with different configurations. Such configurations are distinguished among them for the number of arms, number of legs, number of rotors and motors, and landing capability. Another innovation feature is the introduction of the 3D printing technology to produce all the structural elements. In this manner, all the pieces are designed to be produced via the Fused Deposition Modelling (FDM) technology using desktop 3D printers. Therefore, an universal, dynamic and economic multi-rotor UAV has been developed.
Introduction
The use of drones or Unmanned Aerial Vehicles (UAVs) in commercial and industrial applications has an enormous and unexplored potential which could completely change the society and the industry [1] , [2] . Nowadays, aerospace research is developing new UAVs that can solve the so called 3D problems (Dangerous, Dirty and Dull problems) [3] as the drones showed in [4] - [7] . The idea proposed in [8] is an innovative and cost-effective solution to help the end-user (photographers, film-makers, surveillance agencies and so on) in the applications of drones in their fields. Therefore, a universal, dynamic and lowcost platform has been designed. One of the innovative proposed solutions is the central plate able to fit a variable number of arms and legs. Such adjustable arms allow different configuration layouts. They are designed to be a plug-and-play system which self-contains avionic, motors and propellers to independently work when connected to the main frame. For this main reason, the described arms are defined as all-in-one. The idea allows an optimization of the production process because several configurations can be obtained simply changing the number and type of arms and components.
In the literature and on market, several types of multirotor are proposed. They show different configurations depending on the number of arms and rotors and on the amphibious capabilities. Although some solutions are interesting, e.g., the recharging system in [9] , different drones must be purchased for different mission profiles and subsequently applications. A dynamic and universal multicopter as the one here presented could be proposed as a self-building kit composed by 8 parts also comprising an universal central plate and a variable number of all-in-one arms. The possible configurations vary from 3 to 8 arms. There is the possibility of a single rotor per arm, double rotors per arm or the amphibious configuration with a rotor at the top of the arm and an inflatable element at the bottom of the arm able to allow a landing on open water or the shock absorption for hard landings. Moreover, the arms are also telescopic and adjustable. They can be extended in the case of hexacopters and octocopters to avoid the contact between the propellers without changing the propeller dimensions. In this way, a single UAV is able to accomplish different missions. One of the main aim of the present work is the use of the 3D printing for UAV applications. The task is to have a low-cost flying vehicle that everyone can produce taking advantages from the mechanical properties and the low mass density of FDM parts [10] . For this reason, all the pieces are designed for the Fused Deposition Modelling (FDM) additive manufacturing [11] , [12] .
The proposed kit is made by only 8 different pieces which are combined together in various numbers and positions to complete a multi-copter able to satisfy all the missions under 2 kilograms of maximum take-off weight. This choice has been taken to comply with the UAV national regimentation [13] due to the increasing perception among the population of the risk connected with drones [14] .
The production of only 8 different pieces with a FDM printer is low-cost. In particular, if this feature will be translated in large scale, the advantages from the economical point of view will be more clear. The materials have been selected from the FDM literature: the PLA (PolyLactic Acid) [15] , [16] and the ABS (Acrylonitrile Butadiene Styrene) [17] , [18] . Both materials have several advantages and disadvantages. ABS is lighter with higher performance requirements. PLA is easier to be printed and it is a 100% biodegradable material. This last feature could make the described drone platform as completely eco-green. Figure 1 gives a top and a bottom view of one of the several possible drone configurations: a six arm UAV with single propeller for each arm. A first prototype made of PLA and full 3D printed via the FDM technology has been exhibited at the Salone Internazionale del Libro di Torino [19] using the name PoliDrone.
UAV literature overview
On the market, there are several types of multi-rotor UAV. They differ for configurations, type of missions, dimensions and employed materials. An interesting patent is that indicated in [20] where the drone is constituted by a central perforated circular frame without arms. Motors and propellers are variable in number and they can be positioned in several holes to obtain different configurations. This solution is interesting but the proposed drone is not modular, it has not any arms, and it does not allow the amphibious configuration. The Lily drone [21] has a curved cover structure similar to the present drone but it is a simply quadrotor flying camera able to follow the detector in order to make high-quality videos. On the web site marketwired.com [22] , a eight arm multi-rotor for different purposes is presented. However, it is not able to change directly and easily its layout after the purchase. The patent [23] proposes a circular plate connected to an external ring by three sticks where the rotors can be positioned in a variable number but only in a predisposal order. Moreover, the external ring, where the rotors are placed, creates an aerodynamical interference needing more powerful motors. A drone with three arms and two rotors for each arm is proposed in the patent [24] . This structure allows the inclination of the plane where the three arms are located, but it has a restricted flexibility. A similar application can be found in the patent [25] where a quadrotor structure, which can be positioned at different angles, is proposed. This structure has a restricted flexibility too. All the technical solutions described above do not exhibit modular capabilities and, in particular, they do not allow the use of the drone in a flexible manner. Moreover, these solutions are neither multipurpose nor amphibious, and they do not have full protection and interchangeability of payload. All these features are typical of the innovative drone proposed in the present paper. The patent [26] describes a multi-rotor drone with foldable handles for easy transport. The attachment system is constituted by a hinge that allows the arm to assume the flight position or the rest position when the UAV is not used. An appropriate hook allows to lock the arms in the desired position. On the web site of the magazine "Volo Sportivo" [27] , a modular multi-rotor drone is shown. It starts from a basic single rotor unit which can be connected to other single rotor units depending on the proposed mission. In particular, the coupling between the various base units is via appropriate magnets. However, the technical solutions described above have the major drawback of not allowing different configurations from those provided and, in particular, they do not allow the amphibian configuration. Furthermore, these solutions have not absolute and total modularity for all their elements (structural, avionics and electrical parts) and they require electronic and system knowledge bases to be able to properly assemble the available elements.
There are also drones which are capable of landing on uneven surfaces, an example of such drones is proposed in the patent [28] where the structural fixed part of a quadrotor drone allows the shock absorptions. In the patent [29] , the drone structure is constituted by two counter-rotating motors having a protective structure to improve the safety in the case of emergency landings. However, the technical solutions described above exclude the modularity and they do not allow the amphibious configurations. Moreover, they are not multipurpose solutions and they do not provide absolute protection and interchangeability of the pay-load.
A further interesting application concerns the amphibious drones. Examples of such amphibious configurations are described in the patent [30] , they are able to fly and to move in the water as a sort of submarine. It moves in the air and in the water thanks to the variation of the inclination of the head, arms and the relative ends. This amphibious drone has a fixed configuration with three rotors and three arms, and it allows movements in the water. This drone is also equipped with a parachute in case of emergency. An other amphibious application is described in the patent [31] where the drone is equipped for both the flight and the flotation. On the website indicated in [32], a quadcopter drone is presented, it is able to take off from a ship and it provides assistance to persons at sea. This drone is equipped with a number of life buoys positioned below and around the main structure, and it appears to be as a large transportable life-saving buoy. On the website indicated in [33] , the quadcopter "LOTUS" is presented. It is able to ditch and move on the water thanks to fixed floatings on the four sides; these fixed elements can constitute a problem for the aerodynamic and stability. Moreover, it does not have any protection for emergency landings.
However, the technical solutions described above exclude the modularity because a modular drone usually loses the insulation and watertight characteristics of the structure. Such solutions are not multipurpose and they have not a variable number of rotors and motors.
None of the prior technical solutions considered and commented above solve the problem of providing a main universal structure able to accommodate a variable number of arms arranged in different positions with the possibility of including for each arm a single rotor, double rotors or rotor + inflatable element. Moreover, none of the prior technical solutions solve the problem of providing a modular drone capable of landing on different surfaces comprising rough terrains and water, avoiding structural, avionic, electric and propulsive damages. Finally, none of the prior technical solutions solve the problem of providing a multifunction and multipurpose drone able to carry a generic payload which can be represented, for example, by a classical or a thermal camera or by any other sensor or element depending on the specific task to fulfill. At present, despite the considerable technological developments and the variety of uses, it remains difficult to choose the right multirotor for a given mission. A great problem is often the necessity to purchase a new platform to accomplish several missions different from those for which the drone was initially bought. Important features are the possibility to easily and quickly change the configuration and also the possibility to consider amphibious drones which can be stabilized in the water or can be protected from possible emergency landings on the mainland. These drones must also be equipped for the insulation of the avionics, propulsion unit and payload from the external severe environment.
Architecture of the drone
The most important feature of this innovative UAV is its modularity which gives to the user a structure composed by a kit of only eight different components. The core of the modularity is the central plate, shown in Figure 2 , with enumerate holes organised in couples where the tightenings of the arms are placed. The instructions for the different configurations are detailed in Table 1 . The first column indicates the chosen number of arms (from 3 to 8) for classic, double rotors (X or Y) and amphibious (A) configurations, the second column gives the holes of the central plate to be used. For each defined number of arms, three different configurations are possible: single rotor at the top of the arms, double rotor mode with a rotor at the top of the arms and a second rotor at the bottom of the arms, am- phibious with a rotor at the top of the arms and an inflatable element at the bottom of the arms. The plate described in Figure 2 has the upper side used to house the main electronics such as the Flight Control Unit (FCU), batteries, GPS antenna, gyroscopes and other avionic systems. The ring is used to close the plate to create a rail where the arms and legs are located. The ring has the same numeration used for the circular plate (see Figure 2) . shows the assembling procedure for the circular plate, the ring, the supports and the box shaped arms. Figure 4 explains in details how the box shaped arm is composed. It is made by two single parts, the top one and the bottom one, which create a box able to host all the necessary electronics and avionics for the chosen configuration. The arm goes inside the connector and than in the rail. In Figures 3  and 4 , it is also explained the telescopic mechanism of the arms which are adjustable in length. As shown in Figure 5 , the cover is made by two curved structures. The top cover has the function of protecting the main electronics and reducing the multi-rotor aerodynamic drag. The bottom cover has three major functions: payload protection, aerodynamic improving and allow the structure to float in case of ditching. Figure 6 shows the employed leg. It is designed to be directly included in the rail giving the possibility to the user to choose the number and the position of legs. Figure 7 shows several possibilities for the positioning of the legs depending on the chosen drone configuration.
All the parts of the kit are designed to be produced via a desktop 3D printer. Therefore, the maximum size must be inscribed in a 250 millimeters square [34] . These 8 pieces can be combined in various numbers and positions to complete a specific configuration: -Connector -Top box arm -Bottom box arm 3. Legs (two or more depending on the drone configuration).
In the cases of 3, 4, 6 and 8 arm drone configurations, the basic pieces do not change while the number of connectors, top and bottom box arms are equal to the number of chosen total arms. A similar classification can also be made for the electronic and propulsive elements: 
-Propeller -Electronic Speed Controller (ESC)
Combining the electronics, it is possible to create different configurations, with attention for the amphibious ones. In these last cases, an inflatable element is added in place of the second motor creating an assistance for the stability of the platform in case of ditching or a protection in case of emergency landing. The following list shows how to combine the various electronics/avionics in each arm for the different configurations: The proposed design is innovative for the simplicity of its 8 pieces kit which allows 12 different multi-rotor configurations. Figures 11, 12 and 13 show some of the possible layouts which differ for number of arms, number of rotors per arm and amphibious characteristics. The current developments are dedicated to an onboard Artificial Intelligence (AI) which will autonomously recognize the configuration and adjust the right control and navigation parameters by itself relieving the final user from the possibility of error.
3D Printing and FDM technology
Additive Manufacturing is a well-known technology patented firstly in 1984 [35] by the French scientist Alain Le Mehaute. Its distinctive concept is adding material with different methods (powder, wire and so on) instead of subtracting from a raw part. It has been widely introduced in the preliminary and concept design phase thanks to the reduced production cost and realization time of the prototype. In the last years, this technique has been considered also for low scale mass production due to some advantages [12] . Firstly, this technique allows the construction of so-called evolutive shapes: structures of com- plex design that are impossible or difficult to build with traditional milling or machining [36] . Evolutive shapes are usually the result of a topological optimization. Therefore, important mass savings or increasing in the structure mechanical properties are obtained using this resource as reported in [11] . The present work has the ambitious aim to introduce the Desktop 3D Printers, using the FDM technology, in the UAV field. In [37] , the authors demonstrated that the process was characterizable as four sigma taking some boundaries of acceptance for mechanical and dimensional behaviour. FDM is a process which semi-moltens a polymeric filament of ABS, PLA or NYLON [38] , [39] and then extrudes it in a XY plane producing a raster of solid material. After a layer is printed, the plate or the extruder moves axially and re-starts the construction process of the next layer. It is clear that with this technique complex shapes are easy to be manufactured with a minimal or no post processing. An anisotropic behaviour is introduced due to the slicing [40] . The manufacturing process starts from a CAD file, where the exact surfaces and volumes are tessellated by a triangulation known as STL (STereo Lithography interface format). This first approximation reduces the quality of the parts [41] , [42] with an acceptable error if it is comprised in the order of accuracy of the extrusion process (≈ 0.5mm). With this interface format, the part can be passed as an input at the CAM (Computer Aided Manufacturing) Software [43] (called Slic3r in the present case). This software generates from the STL the sequence of layers and then the machining instructions [44] . The layer height can be varied from 0.1mm to 0.3mm. For each layer, a path is designed and electrical inputs are given to the motor to move the extruder in the XY plane to build rasters with different properties such as width, angle or density. An example of the CAM output for the bottom arm is shown in Figure 14 . In this figure, it can be seen that two boundary perimeters (in red) have been designed while the internal core (in blue) is printed in a criss-cross structure with an angle equals to 45 degrees. The support structure has been inserted to sustain surfaces and it is reported in black. This support did not start from the platform. Criss-cross filling has been chosen to obtain an orthotropic material: in-plane (directions x and y) parts will have the same mechanical properties. Along the third axis (z direction) properties will be different due to the layered building process. The machine parameters selected for the construction of the UAV are given in Table 2 . A layer height of 0.3mm has been chosen as optimum compromise between the accuracy and the printing time. In fact a higher layer value means less accurate curved profiles. This value does not affect aerodynamic features, so it has been considered acceptable. Curved and complicated sections in the plane benefit of the double contour. It exactly follows the STL profile and reproduces the part without the approximation already described for the z direction. Further improvements will be introduced changing the layer height locally during the manufacturing process to improve the quality of the layered structures. A wide selection of materials are available on market, the most used in Desktop 3D Printers are PLA and ABS. The second material is a very common plastic one which is famous for LEGO ® industries. The Desktop 3D Printers are usually used for conceptual prototypes and they are not usually used for design and projects. Thanks to the characterization proposed in [37] and [45] , it is possible to use such printers for structural components with promising results. The first flying prototype of Polidrone [8] , [19] was designed to be manufactured with PLA filament. This work is the first step towards the design-for-additive approach: thanks to the lesson learned on the dimensional capability performance, new models will be released that will introduce more complex layouts with the aim to produce lighter and efficient structures. On the technical side, hybrid filaments (nylon-carbon) are in program to be tested as reported by the literature [46] , [47] .
Preliminary draft of a four arm configuration
In this section a preliminary draft is proposed. A four arm drone with single rotor per arm is considered as basic configuration [48] . Further configurations will be analyzed in order to obtain a optimization method to find the best configuration for the 12 drone possibilities described in the previous sections. One of the most important parameter is the employed material. The most common choices are PLA or ABS, with different percentages of filling in layered structures. Table 3 shows the weight of each component, when they are made in ABS or in PLA, considering two different percentages of filling (80% and 100%). The last row also gives the total weight of the drone without electronic, avionic and propulsive elements. The volume is known for each element (the number of elements is also known) and the mass density depends on the filling percentage. Using these new information, it is possible to calculate the weight of each element. One of the most important element, due to its dimension, is the central circular plate. Changing the filling percentage, the weight variation of this element can be up to 40 grams. For the classical quadrotor, the following elements must be considered: The first column of Table 3 must be multiplied for the number of elements described above. From the above description, it is clear how the number of elements is fundamental in the mass estimation. For example, the change of the density of the material for box shaped arms and relative connectors may lead to a difference up to 40 grams. Taking into account that the configurations varies from 3 to 8 arm there is a global mass variation between 120 and 320 grams.
Taking into account previous studies [49] , an infill value of 80% was chosen as the best compromise between mass savings and structural performances. The preliminary design has been conducted using the simulation software eCalc [50] in order to obtain a qualitative evaluation of the flight electronics and avionics. According to the authors, accuracy of this simulator is about 15% for the weight and the electronic system properties. The most relevant data are shown in Table 4 for a drone in ABS. Different values are proposed changing the propeller diameter. When the diameter increases, the requested revolutions per minute reduces, and consequently the requested power decreases too. Another important factor is the thrust-to-weight ratio. It measures the manoeuvrability of the multirotor: higher values mean faster maneuvers. For this reason, a bigger propeller diameter is useful. A direct consequence of this consideration is the implementation of the adjustable arms in order to avoid the use of smaller propeller diameters in the configurations with 6 or 8 arms.
Main characteristics and applications
The proposed UAV contains different innovative ideas. One of them is the kit including only 8 different pieces to compose 12 different configurations. Moreover, the design of the arms allows to autonomously configure the drones by the user without any specific knowledge of mechanics, electronics or flight control management. Regarding the safety, this vehicle is the first in its category which introduces active measures of damage control using inflatable elements. Therefore, it is ready to fulfill the stringent requirements to fly in critical areas or over groups of persons. This feature allows also the water landing with an increased stability on waves due to the bottom cover design. Moreover, the use of biodegradable materials, such as PLA, together with innovative technologies makes the PoliDrone a lighter UAV and reduces its environment impact. PoliDrone will be tested at Politecnico di Torino as a multipurpose platform for different applications, such as:
-Agriculture (NDVI photogrammetry, control of lands, cultivations and so on) -Oil and gas applications (inspection of pipelines, air quality in refinery and so on) -Security (police operations, monitoring, surveillance) -SAR (search and rescue operations), fire prevention and so on -Journalism -Research (volcanos monitoring) -Recreational activities
Conclusions
In this work, the preliminary and innovative design of a multipurpose and modular drone or UAV has been presented and discussed starting from the idea of an universal platform which allows 12 different configurations. In the design approach of the structure, a concurrent process has been adopted to optimize the shape of the parts. The used technology allows mass savings and structural performance optimizations. An innovative solution is represented by the arms of the UAV. They are defined as allin-one allowing the vehicle to be used by everyone taking advantages from the Flight Control Unit which selfrecognizes the configuration and adapts the flight management system. Further developments will be in the direction of introducing innovative materials for FDM such as carbon fiber composites and the integration of the electronics in the structure by means of conductive filaments directly embedded in the arms.
